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Abstract

:

Considering the importance of soil moisture in hydrological processes, it is crucial to understand the water distribution and time stability of different aerial shrub soils. There are few studies on the soil moisture of aerial vegetation in the northeastern margin of the Tengger Desert. Based on long-term monitoring data from the aerial seeding area in the northeastern margin of the Tengger Desert, the distribution characteristics of soil moisture and the temporal stability of soil moisture were studied. From June to October 2022, the soil moisture monitoring instrument WatchDog was used to monitor the long-term soil moisture changes (0–200 cm) in the four aerial afforestation plots of Hedysarum scoparium, mixed forest land (Hedysarum scoparium dominant species), mixed forest land (Calligonum mongolicum dominant species), and Calligonum mongolicum. The Spearman rank correlation coefficient was used to study the temporal stability of soil moisture in the four plots. Rainfall data were collected through small weather stations. The results show that the average soil water storage of four kinds of aerial shrub land in the study area was the highest in August, and the average soil water storage of different forest lands was different. The soil water content of the surface layer (0–30 cm) fluctuated the most in different months. The variation in soil water content in the shallow layer (30–100 cm) was smaller than that in the surface layer. The fluctuation of soil water content in the middle layer (100–150 cm) and deep layer (150–200 cm) was relatively stable. There was no strong variability in soil moisture content, and the temporal variation coefficient of surface soil moisture was the highest (31.44–39.8%), which showed moderate variability. The temporal variation coefficient of soil moisture in the shallow, middle and deep layers of all kinds of plots was significantly reduced, and the soil moisture stability of different aerial shrub land was the same. Spearman rank correlation analysis showed that the spatial pattern of soil water content in the surface layer (0–30 cm) and deep layer (150–200 cm) was more stable over time, that is, the temporal stability of soil water content was higher, and the temporal stability of soil water content in the middle and shallow layers of different types of shrub land was different. The research results help us to understand the soil hydrological process in the aerial seeding afforestation area in the northeastern margin of Tengger Desert, rationally arrange soil moisture monitoring points, efficiently manage and utilize water resources in the aerial seeding area, and provide a theoretical basis for local vegetation restoration and the optimization of the ecological environment.






Keywords:


aerial seeding afforestation; moisture dynamics; space–time variation; Spearman












1. Introduction


Soil moisture is the main source of plant water, plays an important role in the material and energy conversion of the soil–vegetation–atmosphere system, and is the key factor in controlling the structure of an ecosystem [1,2]. For arid and semi-arid areas, due to the presence of less rainfall and large degrees of evaporation, soil moisture has become the core of ecosystem operation in this area. Soil moisture not only affects rainfall infiltration, evaporation, solute transport, runoff and sediment production, but also has close effects on and influence over soil texture, organic matter, topography, vegetation and human activities [3,4]. Therefore, soil moisture shows instability and variability in spatial and temporal distribution [5,6]. In this regard, in seeking to quickly obtain the average soil moisture status of a region, relevant studies have found that the spatial model of soil moisture has temporal stability, and the soil moisture of some monitoring points can represent the average status of the study area [1]. Further, all measurement points are arranged from small to large. Distinct measurements of some individual sample points always effectively represent the average soil moisture of the test site, while distinct measurements at other sample points will always be higher than or lower than the average soil moisture level of the entire plot. This phenomenon is defined as the temporal stability of soil moisture, and has been widely studied and applied. Its advantage is that it can help to optimize the number of sampling points, and enable us to quickly and accurately estimate the average soil moisture of a sample plot. The selected representative measuring points can be used to predict the average soil moisture in the study area. Therefore, when seeking to obtain the average soil moisture, a wide range of samples is no longer required, and only the soil moisture of the representative measuring points needs to be measured at a specific time point, which can save a lot of manpower and material resources. This phenomenon is defined as the temporal stability of soil moisture and has been widely studied and applied. At present, research on the temporal stability of soil moisture has gradually become the focus of many scholars. In recent years, many scholars have used the temporal stability of soil moisture in different scales [6,7,8] and different ecosystems [9,10]. Comegna and Basile et al. [11] found that there is no temporal stability of soil moisture in more homogeneous sandy volcanic soils. Penna et al. [12] studied the temporal stability of soil moisture in different soil layers of two alpine slopes under drought and wet conditions, and concluded that the soil moisture in the slopes had strong temporal stability and autocorrelation. Zhao [13] studied the dynamic characteristics of soil moisture stored in rock (ROC) environments, especially the spatial pattern of soil moisture (SMSP) and its temporal stability. The results show that the spatial heterogeneity of soil moisture was higher than that of other terrestrial ecosystems, but this area also maintained a high degree of temporal stability. Wang [14] and Gao [15] found that there were significant differences in the temporal stability of soil water content at different depths in the Loess Plateau. In addition, when scholars studied the influence of topography, vegetation and other factors on the temporal stability of soil water content, they found that when only geographical location and topography were considered, soil water showed a relatively stable spatial distribution structure over time, and when vegetation factors were added, the spatial distribution structure of soil water became unstable [16,17]. Y. Patrick Gbohou et al. [18] studied the climate and environmental changes in the Nakanb ‘e River watershed in the West Africa Sahel (WAS). The results show that climate and environmental changes have an impact on surface runoff in the Sahel region, further changing the state of soil moisture and thus affecting regional hydrological processes. Related studies have pointed out that vegetation characteristics affect the spatial distribution of soil moisture, and enhance or weaken the spatial heterogeneity of soil moisture to a certain extent [19,20,21]. However, different vegetation types have different demands as regards soil moisture, which leads to great differences in soil moisture characteristics under different vegetation types [22,23,24].



It has been more than 30 years since aerial seeding in 1992 in the northeastern margin of Tengger Desert. Before 1992, due to drought and overgrazing, the vegetation in the aerially seeded area declined and died, causing serious desertification. This, coupled with the forward movement of shifting sand, he fluctuating sand dunes were formed in the seeding area, accounting for 60% of the total seeding area. The vegetation coverage was less than 1%, and there was almost no vegetation growth. However, with the implementation of aerial seeding afforestation, vegetation restoration achieved remarkable results. With the survival of the aerial seeding vegetation types Hedysarum scoparium and Calligonum mongolicum, the vegetation coverage increased significantly. As shown in Figure 1, the overall vegetation coverage in the aerial seeding area has reached 20–30%. The increase in vegetation coverage has meant that the original moving dunes are now fixed or semi-fixed dunes, and the formation of soil crusts has improved the physical and chemical properties of the original soil, increasing the organic matter content, which has greatly improved the soil conditions. In addition, vegetation restoration has also improved the soil moisture conditions in the sowing area and actively promoted vegetation restoration. Aerial seeding afforestation has played a vital role in the ecological environment restoration of 92 planting areas, and the practice of aerial seeding afforestation, now undertaken for more than 30 years, has led to Hedysarum scoparium and Calligonum mongolicum becoming the main sandy shrub species in the study area, due to their strong ecological adaptability, as well as their windbreak and sand fixation abilities.



Artificial vegetation restoration can be enacted to select tree species with high survival rates and high economic benefits, as well as select suitable tree species according to local conditions. Another important contribution of artificial vegetation restoration is that it can supplement groundwater over a long period, especially through prioritization to further improve vegetation rooting depth, thereby promoting vegetation survival [25]. Soil moisture is one of the most important conditions for vegetation restoration, and important progress has been made in the study of soil moisture stability under different land use conditions in many regions. However, in recent years, with large-scale aerial seeding afforestation in the arid desert area of Northwest China, differences in soil moisture dynamics and time stability under different vegetation configuration modes in aerial seeding afforestation areas are rarely reported.



The temporal stability of soil moisture refers to the stability of the spatial distribution of soil moisture through time. It can be used to obtain representative measuring points of regional average soil moisture content, thus providing a convenient and effective approach to soil moisture monitoring and forecasting while ensuring the accuracy of soil moisture data. Artificial vegetation can better promote vegetation restoration in sandy areas. The reason for this is that artificial shrubs are more tolerant of and adaptable to abiotic factors such as drought and wind erosion, sand burial, and grazing interference. In the early stages of the establishment of sand-fixing vegetation, due to the low coverage of shrubs, sparseness of surface herbs, and the thin and small biological soil layers, sand-fixing vegetation can effectively use rainfall, and thus has little dynamic effects on deep soil moisture. With the increase in and development of shrub and herb coverage in vegetation, the interception of precipitation by the vegetation canopy has increased, and the thickening and evolution of biological crusts has significantly reduced precipitation infiltration. In addition, when rainfall is scarce or lacking, plants use a large amount of deep soil water, mainly derived from underground, as the roots of shrubs develop. The aerial seeding area of the Tengger Desert is a key area for vegetation restoration and construction. Artificially restored vegetation has greatly changed the soil moisture and vegetation characteristics of the region. How this huge disturbance affects the spatial and temporal heterogeneity and temporal stability of soil moisture remains to be studied.



Based on this, this study established a soil moisture observation point at the bottom of the windward slope of the fixed dune in the aerial seeding afforestation area in the northeastern margin of the Tengger Desert, and continuously monitored the soil moisture content of the shrub land covered by typical aerial seeding vegetation Calligonum mongolicum and Hedysarum scoparium from 0 to 200 cm. The temporal and spatial variation characteristics of soil moisture in different vegetation communities at different depths were analyzed. The temporal stability characteristics of soil moisture content were analyzed by Spearman rank correlation, and the temporal stability differences of soil moisture in four configuration modes were clarified. Understanding the temporal stability of soil moisture content at different depths is helpful to understanding what kind of sand-fixing vegetation configuration mode is suitable under the soil moisture conditions in a specific region, and to provide a scientific theoretical basis for the optimal allocation of vegetation and the construction of ecological environment stability in the region.




2. Materials and Methods


2.1. Study Area


This study was carried out from June to October 2022. The study area is located in the northeastern margin of the Tengger Desert in Alxa Left Banner. The aerial shrub forest area (39°11′–39°18′ N, 104°53′–104°57′ E) formed following the implementation of aerial afforestation in 1992. The area is 4025.33 hm2, and the average altitude is about 1265 m. The terrain is tilted from southeast to northwest. It belongs to the edge of the Helan Mountain alluvial fan. The terrain is open and the undulating dunes are connected. The surface wind erosion is strong. The soil types in the aerial seeding area are mainly gray desert soil and sandy soil [26]. The annual precipitation in this area is between 100 and 200 mm, with an average of 142.0 mm (2009–2020). The rainfall is mainly concentrated in June–September, accounting for about 62% of the whole year. The numbers of strong wind days in spring and winter are the most, the average annual wind speed is 7.1 m/s [27], and the maximum wind speed can reach 26 m/s. The average annual evaporation is 2258.8 mm, the frost-free period is 168 d/year, the light duration is 8.6 h/d, the solar radiation is 150 KJ/cm2, and the average annual temperature is 7.8 °C. The vegetation type is mainly composed of Hedysarum scoparium and Calligonum mongolicum.




2.2. Research Methods


2.2.1. Sample Plot Setting and Investigation


For soil moisture positioning monitoring, four plots were set up in the study area, and each plot featured a typical vegetation community from the bottom of the windward slope of the fixed dune (Table 1) as its research object. The soil moisture observation instrument was installed in June 2022, and the plot survey was carried out at the same time. Five 20 m × 20 m shrub quadrats were set up in each plot (Figure 2).



Before sampling, the basic information of each survey unit was recorded in the early stage, including soil characteristics such as soil crust coverage, soil bulk density and soil porosity, and vegetation characteristics such as shrub plant height, crown width, base diameter, density, and shrub and grass coverage. The location and plant composition information of each test plot were recorded during the investigation. The basic information of each experimental plot is shown in Table 1 and Table 2.




2.2.2. Sample Collection and Index Determination


Studies have shown that the roots of sand-fixing shrubs in the study area are mainly distributed in the 40–200 cm soil layer, which is the main layer of soil moisture [28]. Therefore, in this study, one standard aerial shrub plant was selected from each shrub quadrat, and a soil profile at a depth of 200 cm was manually dug under the plant. Soil moisture sensors were installed at 7 soil depths of 10 cm, 20 cm, 30 cm, 60 cm, 100 cm, 150 cm and 200 cm on the same side of the profile to observe the soil moisture content in real time. After the sensor was installed, the soil pit was backfilled, and the surface layer after backfilling was made as close as possible to the surrounding surface. The soil moisture was measured using a WatchDog (Spectrum Technologies, Aurora, IL, USA) data collector every 30 s, and the data were recorded at 15 min intervals. Meteorological data were automatically monitored by a small automatic weather station, recording atmospheric precipitation, temperature, wind speed, etc. (Table 3).




2.2.3. Data Processing


Calculation of Soil Water Storage


Soil water storage refers to the storage of soil moisture within a certain unit volume. In this study, the soil water storage per unit volume at a 0–200 cm soil depth was estimated according to the soil depth of 0–200 cm. Formulas (1) and (2) are shown below [29]:


    S W S   i   =   ∑  i = 1   7    S   V W   C   i     d   i    



(1)
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In the formula, SWSi is the water storage of the i-layer soil profile, SVWCi is the soil’s volumetric water content (m3/m3), di is the soil depth (mm), 7 is the number of soil layers observed in this study, and is       S W C   j    ¯    is the average soil water content at time j (m3/m3).




Coefficient of Variation


The vertical variation coefficient was used to analyze the spatial variation characteristics of soil moisture in different vegetation types. In the formula, δ is the standard deviation and μ is the mean value.


  C V =   δ   μ   × 100 %  



(3)




CV < 10% is weak variability; 10% ≤ CV ≤ 100% is moderate variability; CV ≥ 100% is strong variability [3].




Spearman Rank Correlation Coefficient


The Spearman rank correlation coefficient rs was used to analyze the stability of the ranks of different observation points over time in the growing season of 2022. It is calculated using the below formula [30]:


    r   s   = 1 − 6   ∑  i = 1   n        (   R   i j   −   R   i l   )   2     n (   n   2   − l )      



(4)







In the formula, Rij is the rank of the soil water content value for the observation point i at the observation time j, Ril is the rank i of the measuring point l, and n is the total number of observation points. The closer rs is to 1, the more stable the spatial pattern of the soil water content is over time.



The statistical analysis applied in this paper was mainly performed using Excel and SPSS software, and the data mapping was carried out using Origin software.







3. Results and Analysis


3.1. Soil Water Storage


As shown in Figure 3, from June to October 2022, the average soil water storage levels at the 0–200 cm layer of four kinds of aerial shrub land were between 18 and 21 mm. The average soil water storage levels of different aerial shrub land are as follows: Calligonum mongolicum forest land (21.34 mm) > Hedysarum scoparium forest land (20.63 mm) > mixed forest land (Hedysarum scoparium dominant species) (19.36 mm) > mixed forest land (Calligonum mongolicum dominant species) (18.88 mm). Comparing the soil water storage levels of the experimental plots in different months, it can be found that the soil water storage from June to October in the growing season was basically consistent with the trend of rainfall, and the average soil water storage in the study area reached the highest with rainfall in August. There were differences in the soil water storage of shrub land at different months with different aerial seeding types. In July, the soil water storage of Hedysarum scoparium shrub land was the highest (20.95 mm), while in June and August to October, the soil water storage of Calligonum mongolicum forest land was the highest, at 18.73 mm, 24.93 mm, 22.33 mm and 20.67 mm, respectively, indicating that soil water storage was mainly affected by rainfall.




3.2. Spatial and Temporal Distribution Characteristics of Soil Moisture


The variation characteristics of soil moisture in the growing season of the four kinds of aerially sown shrublands are shown in Figure 4. The soil moisture contents in the 0–200 cm soil layer in the aerially sown area in different months show significant differences. Due to the scarce rainfall in June and before June, the strong level of soil evaporation mean that the surface soil moisture contents of the four kinds of aerially sown forest were less than 0.5%, and the soil moisture contents in different soil layers fluctuated only a little. In July and August, with the increase in rainfall, the average soil moisture contents of the four kinds of shrublands reached over 0.8%. Among these, in July, with the increase in soil depth, the soil water content showed a trend of increasing first and then decreasing. Among these, the soil water contents of Hedysarum scoparium forest land, mixed forest land (Hedysarum scoparium dominant species) and mixed forest land (Calligonum mongolicum dominant species) reached their maximum in the 10–20 cm soil layer, while the soil water content of Calligonum mongolicum forest land reached its maximum in the 30–60 cm soil layer. This result may be related to soil characteristics and the fine distribution of plant roots in the study area. In August, the average soil water content in the study area reached the highest value, and the change in surface soil water content was the most obvious. With the increase in soil depth, the soil water showed less fluctuation. Because the middle and deep layers were less affected by rainfall, the soil water contents below 100 cm in the four kinds of aerial shrub land did not change significantly at different times.



By comparing the soil moisture contents between different community plots (Figure 4a–d), it was found that the average soil moisture contents of the Hedysarum scoparium forest land were the highest among the four kinds of aerial seeding shrub lands, reaching 1.01%, and the average soil moisture content of the mixed forest land (Calligonum mongolicum dominant species) was 0.83%, which was the lowest compared with other shrub lands. In June, the average soil water content of the mixed forest land (Hedysarum scoparium dominant species) was the lowest, at 0.53%. The average soil water content of the Hedysarum scoparium forest land was the highest from July to August, at 0.83%. After September, the soil water contents of the Hedysarum scoparium forest land and the Calligonum mongolicum forest land showed a downward trend, while the soil water content of the mixed forest land (Hedysarum scoparium dominant species) and the mixed forest land (Calligonum mongolicum dominant species) showed an increasing trend. The vegetation growth condition of the mixed shrub land of Hedysarum scoparium and Calligonum mongolicum was better, so the degree of soil moisture consumption in these areas during the growing season with sufficient rainwater was larger, while the degrees of transpiration water consumption of Hedysarum scoparium forest land and Calligonum mongolicum forest land was relatively small, and the soil moisture content was higher.




3.3. Spatiotemporal Variability of Soil Moisture


Relevant studies have found that the coefficient of variation (CV) can effectively describe the spatial and temporal variability of the statistical characteristics of soil water content. The smaller the coefficient of variation of soil water content, the more stable the change in soil water content, and the less affected it will be by the environment. In order to better reflect the change law of soil moisture in the study area, Table 4 shows the calculation of the time variation coefficient of soil moisture in four kinds of aerial shrub land. The time variation coefficient of different soil layers in four kinds of aerial shrub land shows that the variation coefficient of soil moisture in four kinds of aerial shrub land is less than 100%, indicating that there is no strong variability in soil moisture content. The temporal variation coefficient of soil moisture in the surface layer (0–30 cm) of the study area is above 10%, indicating that the surface soil water is greatly affected by precipitation, temperature, evaporation and other factors, and the water thus changes drastically. With the increase in soil depth, the temporal variation coefficients of soil water content in four kinds of aerially sown shrublands decreased to varying degrees, indicating that the stability of soil water in the lower layer was stronger than that in the surface layer. The soil water content in the shallow (30–100 cm) and middle (100–150 cm) layers of Hedysarum scoparium forest showed weak variability, and the variation coefficients were 7.81% and 2.73%, respectively. The variation coefficients of soil water content in the shallow (30–100 cm) and middle (100–150 cm) layers of Calligonum mongolicum forest, mixed forest (Hedysarum scoparium dominant species) and mixed forest (Calligonum mongolicum dominant species) were all greater than 10%, showing moderate variability. This phenomenon is related to the root distribution of Hedysarum scoparium and Calligonum mongolicum.



The variability in soil water content in the deep layers (150–200 cm) of the four kinds of aerial seeding shrubs was different. Among them, the maximum was 14.83% in the Calligonum mongolicum forest land, which indicates medium variability, and the minimum was 7.12% in the mixed forest land (Calligonum mongolicum dominant species), indicating weak variability. Under normal circumstances, soil moisture is less affected by precipitation, temperature, evaporation and other factors in the deep layer, and its stability is also the strongest. However, due to the influence of plant roots’ water consumption, there are some differences in soil moisture stability in the deep layers (150–200 cm) of different vegetation types. On the whole, the variation coefficients of soil moisture in each soil layer can be ranked as: Calligonum mongolicum forest land (22.5%) > mixed forest land (Hedysarum scoparium dominant species) (17.16%) > mixed forest land (Calligonum mongolicum dominant species) (16.79%) > Hedysarum scoparium forest land (14.1%).




3.4. Time Stability of Soil Water Content


The Spearman rank correlation coefficient can be used to analyze the temporal stability of the spatial pattern of soil water content. As shown in Figure 5, the Spearman rank correlation coefficients of soil water content in different soil layers of four kinds of aerial shrub land were analyzed. It was found that the soil water contents of the four kinds of aerial shrub land had high correlation coefficients in the surface layer (0–30 cm) and deep layer (150–200 cm), indicating that the spatial pattern of soil water content in the surface layer and deep layer of the study area was stable over time. From June to October, the correlation coefficients of the soil’s surface, middle and deep layers were high (0.438–0.931, −0.395–0.929, −0.457–0.849) and significant at the 0.01 level. The correlation coefficient of soil moisture in mixed forest land (Hedysarum scoparium dominant species) was smaller than that in Hedysarum scoparium forest land, and the correlations of the surface layer, shallow layer and deep layer were significant at the 0.01 level. The correlation coefficients of the soil’s surface and shallow layers in mixed forest land (Calligonum mongolicum dominant species) were higher (0.438–0.931, −0.395–0.929, −0.457–0.849), and were significant at the 0.01 level. The correlations of Calligonum mongolicum forest land at the soil surface, shallow and deep layers were significant. Comparing the Spearman rank correlation coefficient of soil water content from June to October in the growing season, it was found that the correlation coefficients of the four aerial shrub lands in June and October were higher, and the correlation coefficients in August and September were lower. The correlation coefficient in September was the lowest, with an average of 0.317, indicating that the spatial patterns of the surface and deep soil water contents in the growing season of the study area were stable in June and October, while the stability in September was the lowest.





4. Discussion


Soil moisture is the main restricting factor in relation to the growth and restoration of aerial seeding vegetation in the Tengger Desert. The soil moisture content in the growing season is higher. The average soil moisture contents of four kinds of aerial seeding shrubs from June to October were 0.81%, 0.68%, 0.65% and 0.75%, respectively. The variation characteristics of the average soil moisture contents and the corresponding precipitation in the study area show good synchronization on the whole, indicating that precipitation has a strong impact on the change of surface soil moisture content. The shallow layer is relatively less affected by rainfall, and the middle and deep layers are almost not affected by rainfall. Markewitz et al. [31] found that there was a linear relationship between soil water replenishment and rainfall, and the response of rainfall to soil moisture decreased with the increase in soil depth, which was consistent with this study. Chen [32] studied the artificial sand-fixing vegetation area in the loess hilly region. The results show that the soil moisture was mainly supplemented by rainfall in the 0–60 cm soil layer, and the soil moisture below the 100 cm soil layer remained stable, which result is similar to those regarding the low soil moisture content of the four vegetation communities in the 150–200 cm soil layer. Vegetation coverage will lead to inconsistencies between surface soil moisture content and rainfall, but the vegetation coverage in this study area is low, and the aboveground part of the vegetation intercepts rainwater less, so the change in surface soil moisture content is basically consistent with the change in rainfall.



We can infer from the temporal variation coefficient of soil moisture in different aerially sown shrublands that the spatial and temporal variation characteristics of soil moisture are generally moderate, and the soil moisture variability in the surface layer (0–30 cm) is higher. This is because the surface soil moisture is more susceptible to rainfall, infiltration, transpiration, evaporation and human activities [33,34], and the 0–30 cm soil layer soil moisture recharge in this area is also dominated by random and intermittent precipitation. and the 0–30 cm soil layer in this area is also dominated by random and intermittent precipitation. At the same time, the strong evapotranspiration of vegetation is an important channel of soil moisture output. These two factors cause the soil moisture in this layer to oscillate [35]. This finding is similar to the research results of Zhang [36] on the spatial and temporal variability of surface soil moisture in desert landscape in the middle reaches of the Heihe River. The degree of soil moisture variability in the shallow (30–100 cm) and middle (100–150 cm) layers of different aerially sown shrublands is quite different. This is due to the different vegetation compositions, root distributions and water consumptions, resulting in different soil moisture changes in the shallow and middle layers of different shrublands. The variation coefficients of soil moisture in the 150–200 cm soil layers of four kinds of aerial seeding shrub land in the study area are small, mainly because the 150–200 cm soil layer is protected by the upper soil and is less affected by external factors. Therefore, the time variation coefficient of each vegetation type decreases with the increase in soil depth, indicating that the time stability of soil moisture increases with the increase in depth. Chen et al. [37] studied the temporal stability of soil moisture in artificial Robinia pseudoacacia forests with different restoration years in the loess hilly region, and found that the influence of vegetation factors on the temporal stability of soil moisture was also very important. The temporal stability of soil moisture is a result of the interaction of vegetation, topography, climate, soil and many other factors. The dynamics of soil moisture in arid and semi-arid regions are mainly affected by precipitation infiltration, vegetation root absorption and soil evaporation [38,39,40]. Precipitation infiltration is determined by precipitation characteristics and soil characteristics. Plant roots determine the absorption of soil moisture. Soil evaporation is subject to vegetation coverage. The soil layer at about 1 m is less affected by evaporation than the surface layer, and deeper soil layers can be recharged by precipitation infiltration [41]. This soil layer is also where plants’ roots absorb water more actively. Precipitation infiltration recharge can also offset the absorption of vegetation roots to a certain extent [42]. Therefore, soil moisture at this depth shows obvious time stability.



The temporal stability of soil moisture can be analyzed using the Spearman rank correlation coefficient. This study found that the similarity in soil moisture contents in four spatial patterns was weak over time; that is, the spatial pattern of soil moisture content was less stable over time. Most researchers believe that the time stability of soil water content increases with the increase in soil depth and average water content [43]. Cosh et al. [44] studied the temporal stability characteristics of soil moisture content at the surface layer 5 cm, and also drew similar conclusions. Grant et al. [45] studied the 1.2 m soil moisture, and found that the Spearman rank correlation coefficient was more than 0.8, which is consistent with the results of this study. The temporal stability of the spatial distribution of surface soil moisture in the study area was worse than that in the deep layer. Gómez-Plaza [16] discussed the influence of topography, vegetation and other factors on the temporal stability of soil water. The results show that when the factors affecting soil water were limited to geographical location and topography, soil water showed a relatively stable spatial distribution in time. When factors such as vegetation also affect soil water, the spatial distribution structure of soil water becomes unstable. The stability of the spatial and temporal distribution of soil moisture shows that the method of studying spatial and temporal variation is soil moisture is reliable, and also provides a scientific basis for the management of the aerial seeding of plants in the Tengger Desert. Although the only source of soil moisture recharge for aerial seeding plants in desert areas is rainfall, the spatial and temporal stability of soil moisture is also affected by soil texture, topography, sandy vegetation, animals and local human activities. Therefore, the spatial and temporal distribution of soil moisture on a continuous long-term scale needs to be further studied, as do methods to ensure the temporal stability of soil moisture on a large scale and accurately select the appropriate representative sample points. Moreover, the limitation is that the temporal stability of soil moisture is controlled by the mixing of control factors, rather than a single factor. How to analyze the interaction of various factors affecting soil moisture stability is what we should explore in the future.




5. Conclusions


After 30 years of growth and recovery, the spatial and temporal characteristics of soil moisture in the Tengger Desert have changed significantly. The following conclusions are drawn:




	(1)

	
The soil water storage of the four kinds of aerial shrub land reached their highest levels in August, and the average levels of soil water storage during the growing season can be ranked as Calligonum mongolicum forest land (21.34 mm) > Hedysarum scoparium forest land (20.63 mm) > mixed forest land (Hedysarum scoparium dominant species) (19.36 mm) > mixed forest land (Calligonum mongolicum dominant species) (18.88 mm);




	(2)

	
The soil water content in the 0–200 cm layer of different aerial seeding shrub lands changed obviously with time. Among them, the surface soil water content fluctuated most in different months, the range of change in the shallow soil water content was smaller than that in the surface layer, and the fluctuations in the middle (100–150 cm) and deep layer soil water contents were stable;




	(3)

	
There was no strong variability in soil moisture content in the study area. Further, the temporal variation coefficient of the soil moisture at the surface was the highest (31.44~39.8%), and the soil moisture stability was weak. The soil moisture stability of different aerial seeding shrub lands can be ranked as Hedysarum scoparium forest land > mixed forest land (Calligonum mongolicum dominant species) > mixed forest land (Hedysarum scoparium dominant species) > Calligonum mongolicum forest land;




	(4)

	
The soil water contents of the four kinds of aerially sown shrub land showed high correlation coefficients in the surface layer (0–30 cm) and deep layer (150–200 cm), and the time stability of soil water was high. The temporal stability of surface and deep soil moisture during the growing season in the four kinds of aerial shrub land was high in June and October, and the lowest in September.
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Figure 1. Aerial seeding area in 1992. 
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Figure 2. Geographical location of the study area and layout of survey plots. 
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Figure 3. Changes of soil water storage in different aerially sown shrublands during the growing season. 
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Figure 4. Spatial and temporal distribution of soil water content in different shrub lands. (a) Soil water content of Hedysarum scoparium sample plot; (b) soil water content of mixed forest land (Hedysarum scoparium dominant species); (c) soil moisture content of mixed forest land (Calligonum mongolicum dominant species); (d) soil moisture content of Calligonum mongolicum plot. 
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Figure 5. Spearman rank correlation coefficient of soil water content in different soil layers of four kinds of aerial shrub land. 
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Table 1. Basic information of test plots.






Table 1. Basic information of test plots.





	Plot
	Species Composition
	Plant Height/cm
	Tree Crown/cm
	Basal Diameter/cm
	Herb
	Altitude/m
	Gradient
	Slope Aspect





	I
	Hedysarum scoparium100%
	176 ± 35
	179 ± 44
	1.4 ± 0.8
	Bassia dasyphylla;

Stipa capillata;

Agriophyllum squarrosum
	1254 ± 2
	14 ± 1
	Northwest–Southeast



	II
	Calligonum mongolicum9% + Hedysarum scoparium91%
	153 ± 51
	152 ± 42
	2.5 ± 1.3
	Stipa capillata;

Bassia dasyphylla
	1256 ± 2
	11 ± 3
	Northwest–Southeast



	III
	Hedysarum scoparium25% + Calligonum mongolicum75%
	105 ± 28
	111 ± 30
	1.4 ± 0.8
	Stipa capillata;

Agriophyllum squarrosum
	1268 ± 2
	12 ± 6
	Northwest–Southeast



	IV
	Calligonum mongolicum100%
	104 ± 51
	111 ± 52
	2.0 ± 1.6
	Allium mongolicum;

Artemisia ordosica Krasch
	1273 ± 3
	15 ± 2
	Northwest–Southeast










 





Table 2. Soil characteristics of different plant communities.
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	Soil Characteristics/Plot Type
	Hedysarum scoparium
	Mixed Woodland

(Hedysarum scoparium Dominant Species)
	Mixed Woodland

(Calligonum mongolicum Dominant Species)
	Calligonum mongolicum





	Crusts coverage (%)
	39 ± 9 ab 1
	51 ± 18 a
	51 ± 17 a
	35 ± 12 b



	Soil bulk density (g/cm3)
	1.45 ± 0.11 b
	1.50 ± 0.12 a
	1.46 ± 0.07 b
	1.46 ± 0.12 b



	Soil porosity (%)
	45.27 ± 3.98 a
	43.37 ± 4.44 b
	44.77 ± 2.77 a
	45.05 ± 4.63 a







1 Lowercase letters indicate significant differences in soil characteristics of different plant communities (p < 0.05).













 





Table 3. Monitoring data of meteorological stations from June to October 2022.
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	Month
	Precipitation (mm)
	Average Temperature (°C)
	Average Wind Speed (m/s)





	June
	8.70
	15.34
	2.81



	July
	77.00
	26.04
	2.03



	August
	170.00
	22.85
	1.61



	September
	24.33
	19.21
	1.67



	October
	7.67
	8.87
	1.28










 





Table 4. Spatial statistical characteristics of mean value, standard deviation and coefficient of variation of soil moisture content in different layers.
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Plot Type

	
Soil Depth

	
Soil Water Content

Average Value

	
Soil Water Content

Maximum Value

	
Soil Water Content

Minimum Value

	
Standard Deviation

	
Coefficient of Variation






	
Hedysarum scoparium

	
0~30 cm

	
0.8870

	
1.2841

	
0.5411

	
0.2941

	
33.16%




	
30~100 cm

	
0.7502

	
0.8181

	
0.6670

	
0.0586

	
7.81%




	
100~150 cm

	
0.7602

	
0.7883

	
0.7338

	
0.0207

	
2.73%




	
150~200 cm

	
0.7982

	
0.9253

	
0.6936

	
0.1012

	
12.68%




	
Mixed woodland (Hedysarum scoparium dominant species)

	
0~30 cm

	
0.7228

	
1.0532

	
0.4678

	
0.2435

	
33.69%




	
30~100 cm

	
0.6455

	
0.7595

	
0.5003

	
0.0948

	
14.68%




	
100~150 cm

	
0.6431

	
0.7535

	
0.5455

	
0.0751

	
11.68%




	
150~200 cm

	
0.6636

	
0.7100

	
0.6074

	
0.0473

	
7.12%




	
Mixed woodland (Calligonum mongolicum dominant species)

	
0~30 cm

	
0.7011

	
1.0179

	
0.4857

	
0.2204

	
31.44%




	
30~100 cm

	
0.6340

	
0.7401

	
0.5450

	
0.0709

	
11.18%




	
100~150 cm

	
0.6368

	
0.8049

	
0.5589

	
0.0991

	
15.56%




	
150~200 cm

	
0.5807

	
0.6582

	
0.4963

	
0.0608

	
10.47%




	
Calligonum mongolicum

	
0~30 cm

	
0.7714

	
1.2561

	
0.4911

	
0.3070

	
39.80%




	
30~100 cm

	
0.7593

	
0.9747

	
0.5856

	
0.1421

	
18.72%




	
100~150 cm

	
0.7552

	
0.8935

	
0.6055

	
0.1258

	
16.65%




	
150~200 cm

	
0.7214

	
0.8160

	
0.5432

	
0.1070

	
14.83%
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